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Laser ranging systems have developed rapidly in the past few years. 
Limitations in ranging accuracy are caused by atmospheric refraction and 
scattering. In this paper the effects of atmospheric refraction will be 
discussed. 
Atmospheric refraction will increase the optical path length to an 
orbiting satellite by a few meters when the satellite is near zenith, and by 
over ten meters when the satellite is near 10" elevation. 
and Marini [ 2 ]  have developed correction formulas to compensate for the 
effects of atmospheric refraction on the optical pach length. These formultls 
are convenient for correcting satellite tracking data since they require only 
surface measurements of pressure, temperature, and relative humidity. 
Marini and Murray [ 3 ]  investigated the accuracy of their formula by comparing 
the results to ray traces through refractivity profiles derived from radiosonde 
balloon measurements of pressure, temperature, and relative humidity. The 
difference between the range corrections obtained by ray tracing and the 
correctim formula was only a few millimeters at 16' elevation, and 
decreased to less than one millimeter near zenith. The correction formulas 
derived by Saastamoinen and Marini, and the ray traces through the refractivity 
Saastamoinen [l] 
I+ 
profiles all assume a spherically symmetric refractivity profile. The errors 
introduced by this assumption are investigated in this paper by ray tracing 
through three-dimensional profiles. The results of this investtgation indicate 
that the difference between ray traces through the spherical1 syrmetric and 
three-dimensional profiles is approximately three Centimeters at 10" and 
decreases to less than one half o f  a centimeter at B O o .  Therefore, if the 
accuracy desired in future laser ranging systems is less than a few 
centimeters, Saastamoinen and Marini's formulas must hc altered to account  for 
the fact that the refractivity profile is not spherically symmetri.:. 
. .  
8 1 'j 
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2. MARIN? AND MURRAY'S FORMULA 
Marini and Murray's formula is based upon the theory of geometric op t ics .  
The o p t i c a l  path length is defined as the  i n t e g r a l  of the  group index of 
r e f r ac t ion  along the ray path 
i 
! 
Re = I, ng d& . !2-1) 
The ray path w i l l  l i e  e n t i r e l y  i n  a plane i f  t h e  r e f r a c t i v i t y  is sphe r i ca l ly  
symmetric. Using t h i s  assumption, i t  follows t h a t  d!- = dr /s in8 .  This f a c t  
s impl i f i e s  equation (2-1) t o  
r 
1 n  
Ai- d r  e . .  = s in6  ,) ! 
'0 
where rl, ro, and 8 are shown i n  Figure 1. 
[3]  can be wr i t t en  as 
The equation f o r  group r e f r a c t i v i t y  
i 
where 
.0164 + .000228 
- 4  f ( a )  = ,9650 +T 
A A 
7.5(T - 273.15) 
237.3 + (T - 273.15) 
e = -  Rh x 6.11 x 10 100 (2-5) 
?'1 
X = wavelength of radiat ion (microns) 
P = atmospheric pressure (mb) 
T = temperature ( K) 0 











The group index of r e f r ac t ion  is given by 
(2-6) 
The des i red  range cor rec t ion  is t h e  d i f fe rence  between the  measured path 
length,  Re, and the  s t r a i g h t  path length,  R. .8 
71 
t 
AR = Re - R (2-7) 
Using equations (2-2), (2-4), and (2-7) the range cor rec t ion  can be represented 
as t h e  following in tegra l :  
” r ,  7 
, i  
1 F ’ #  
I 1 !  
ii 
1 /* ;iZ ” s i n  6 cir a r +  1 -- ‘l *F AR = 
The f i rs t  term can be considered the  ve loc i ty  e r ror .  
the d i f fe rence  between the  geometric lengths  of the  ray and : t r a igh t  l i n e  
paths.  
law, the  l a w  of p a r t i a l  pressures ,  the  hydros ta t ic  equations,  and Snel l ‘ s  l a w  
f o r  a sphe r i ca l ly  s t r a t i f i e d  medium. They obtained the  following formula f o r  
AR 
The bracketed term is 
To evaluate  these i n t e g r a l s  Marini and Murray [3]  used the  per fec t  gas 
. .  
where 




f ( $ , H )  1 - -0026 COS 24 - .00031H 
K = 1.163 - . 0 0 9 6 8 ~ 0 ~  2$ - .00104T0 + .00001435P0 
A 5 .002357P0 + .000141e0 
,2 
2 r -8 -8 0 (1.084 x 10 ) P T K + (4.734 x 10 ) 7 ( 3  - l,Ky B 0 0  
C ’  
-. 
80 O 2.47 .07 
40' 3.69 -.l 
20° 6.91 - -05 
13.32 - .08 lo O I-- -- ~ -... ~- --  - - ~- 
 





Po = sur face  pressure a t  si te (mb) 
To = sur face  temperature a t  site (OK) 
4 = l a t l t u d e  of s i te  
H = e leva t ion  of s i te above sea l e v e l  (km) . 
Notice tha t  t he  formula only requires  sur face  measuremmts. The integrand 
of equation (2-8) was expanded i n  inverse powers of sineo 
equation (2-9). The constant .01 i n  formula (2-9) was derived empirically 
t o  compensate for the  neglect  of higher order terms i n  t h i s  expansion. 
t o  obta in  
Marini and Murray inves t iga ted  the  accuracy of t h e i r  formula by 
comparing the  r e s u l t s  t o  those obtained by ray t rac ing  through spher ica l ly  
symmetric r e f r a c t i v i t y  p ro f i l e s .  The p r o f i l e s  were obtained by using 
radiosonde balloon da ta  t o  ca lcu la te  the group r e f r a c t i v i t y  using equation (2 -3 ) .  
The r e f r a c t i v i t y  was only il function of height s ince  one radiosonde 
balloon was used i n  its ca lcu la t ion .  The resul ts  of t h e i r  inves t iga t ion  are 
summarized i n  Table 1. 
through the  spher ica l ly  symmetric r e f r a c t i v i t y  p ro f i l e s  while MM i s  the  
RT1 is t he  correct ion obtained by ray t rac ing  
correct ion obtained from Marini and Murray's formula [eqcation (2-9)J. 
TABLE 1 
RESULTS OBTAINED BY MARINI AND MURRAY FOR RUBY LASER ( A  = 694 nanometers) 
.. 
I 
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3. NONSY"R1CA.L REFRACTIVITY PROFILE 
f- 
6 
I n  our inves t iga t ion  a three-dimensional r e f r a c t i v i c y  p r o f i l e  was 
generated from radiosonde bal loons which were released simultaneously from 
three separa te  loca t ions  around t h e  ranging site. 
Project Haven Hop 1 [ 4 1  was used. Figure 2 gives the  loca t ions  of t he  
balloon release sites, which were centered around Washington, D.C. 
t he  balloons were released, thev were frequent ly  blown down range as f a r  as 
150 kilometers.  An overhead view of three typ ica l  balloon t r a j e c t o r i e s  is 
pictured i n  Figure 3. 
This ind ica tes  t h a t  a t  least  t h e  wind condi t ions a t  t h e  three  si tes are 
r e l a t i v e l y  homogeneous. 
Radiosonde da ta  from 
Af ter  
Notice t h a t  t h e  th ree  t r a j e c t o r i e s  are very simiiar. 
Three t ab le s  of pressure,  temperature, and r e l a t i v e  humidity versus  
Each t a b l e  corresponded 
An example of the  da ta  from one radiosonde 
height were generated from the  radiosonde data .  
t o  a d i f f e ren t  balloon re lease .  
is shown i n  Figure 4. 
s i t c ' s  a l t i t u d e  t o  approximately 15 kilometers.  
were normalized to  standard he ights  t o  s implify the  ray t r ac ing  program 
(see Appendix A).  
r e l a t i v e  humidity, azimuth, and e leva t ion  between two da ta  poirlts of the  
balloon release.  The temperature, r e l a t i v e  humidity, azimuth, and e leva t ion  
measurements were l inea r ly  interpolated.  The azimuth and e leva t ion  a t  a 
pa r t i cu la r  height  represent  t he  bal loon 's  pos i t ion  with respect +o the  
t racking s t a t i o n  from which the  balloon was released.  
equation, 31: in te rpola t ing  formula f o r  pressure can be obtained[ 31 
The data was taken from a height  equivalent  t o  t h e  
Each t a b l e ' s  measurements 
This was done by in t e rpo la t ing  the  pressure,  temperature, 









Figure 2. Locations of balloon release sites for Projec t  Haven Hop 1 [ 4 !  
I I I 
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Figure 4 .  Sample of radiosonde data. Release s i t e  - 55.  Rcivase time = 17:30. 
Release date = 1/20/70. 
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- =  (3) (3-1 1 
where 
2 G = 9.8 m/sec 
M = molecular weight of dry air = -8.966 
R = universal gas constant = 8314.36 j o u l e s  (OK)-' (kg=mole)-' 
H2 = height  of desired pressure (km) 
H1 = height  of known pressure (km) 
= v i r t u a l  temperature a t  H 





P1 = known pressure (mb) 
P2 = desired pressure (mb) . 
' I  
: 
The v i r t u a l  temperature is re l a t ed  to  T (OK) [3] by 
T 
e 1 - 0.379 p 
Tv = - (3-2) 
where e is given as before by formula (2-6) and P i s  the  pressure i n  mb. 
Assuming t h a t  v i r t u a l  temperature v a r i e s  l i n e a r l y  with respec t  t o  height,  t h e  
value of TV2 can be l i n e a r l y  interpolated between two da ta  point;. Therefore 
the desired pressure value P 
in te rpola t ion  formulas, t ab l e s  of pressure,  temperature, and r e l a t i v e  humidity 
can be generated t o  a height as high a s  the  f i n a l  radiosonde da ta  poin t .  
t h i s  height the  pressure i s  assumed t o  be a decaying exponential ,  while t h c  
remaining measurements are assumed t o  be t h e  value of the  l a s t  measured da ta  
point.  This is the  same approach tha t  ?larini  and Murray user1 to  cons t ru i t  
the i r  pressure: temperature, and r e l a t i v e  humidity t ab le s  from radiosonde 
can be found by using (3-1). Using these 2 
Above 
. : .. 
” .rr _. . * 
F ’  . .  
10 
d a t a  131. 
t h a t  t h ree  t a b l e s  are constructed. 
any point  along the  path of each balloon t r a j e c t o r y  can be calculated using 
(2-3). 
height ,  the values of pressure,  temperature, and r e l a t i v e  humidity ate i n t e r -  
polated. 
t o  t h e  desired height.  
used i n  c rea t ing  t h e  tables. Using these in t e rpo la t ed  values t h e  r e f r a c t i v i t y  
can be calculated by applying formulas (2-3), (2-41, and (2-5). 
The d i f f e rence  between Marini and Hurray and our inves t iga t ion  is 
From these t a b l e s ,  t he  r e f r a c t i v i t y  at 
I f  t h e  r e f r a c t i v i t y  is desired at a height  not equal  t o  a standard 
The i n t e r p o l a t i n g  is done between t h e  two standard heights  c l o s e s t  
These in t e rpo la t ions  are i d e n t i c a l  t o  t he  in t e rpo la t ions  
To generate a 3-dimensional r e f r a c t i v i t y  p r o f i l e ,  w e  w i l l  assume the 
r e f r a c t i v i t y  varies l i n e a r l y  i n  t h e  horizontal  direct ion.  
any point  can be obtained by in t e rpo la t ing  between the r e f r a c t i v i t i e s  calculated 
a t  the  same height along the  t r a j e c t o r y  of each of t he  th ree  balloons using 
the formula 
The r e f r a c t i v i t y  a t  
where 9 and 4 are the co-lat i tude and longitude of t h e  vec to r  r =  (r,f3,$). 
geometry of the problem is i l l u s t r a t e d  i n  Figure 5 .  
& r  is proportional t o  horizontal  displacement i n  the north-south d i r ec t ion  
while + s i n ( O ) * r  is  proportional t o  horizontal  displacement i n  the  east-west 
The 
Notice i n  Figure 6 t h a t  
d i r ec t ion .  
east-west and north-south d i r ec t ions  w a s  assumed, equation (3-3) follows. 
a t  any height ,  h ,  are calculated by 
6 
Since a l i n e a r  va r i a t ion  of group r e f r a c t i v i t y  i n  the horizontal  
The coe f f i c i en t s  N r ,  No, and N 
solving the  matrix equation 
i 
I .' I. 
11 





. *  . . .  
1 2  
where N1, N2, and N3 are t h e  r e f r a c t i v i t i e s  measured by the  th ree  radiosonde 
balloons a’s. t he  given a l t i t u d e ,  h, and (8 ,$ 1, (e2,9,),  and (8 ,I$ ) are t h e  
co-latitude arid longitude of the  balloons at the given a l t i t u d e .  
t o  h h y  
1 1  3 3  
r is  re l a t ed  
0 
r = h + r  (3-5) 
where r is t r i e  radius  of t he  e a r t h  a t  t h e  laser si te (see Figure 1). 
0 
Ne, and N vary as a function of r bu t  are constant with respect  t o  e 
Nr 9 + 
and 4. 
The I;radients with respect  t o  r, 8, and + can be calculated by 
d i f f e ren t i . i t i ng  (3-3) 
- -  a N  - -  aNr + 8.- + cp-sin(e). 2 4  ar  
ar ar ar (3-6) 
(3-8) i 
The r e f r a c t i v i t v  a t  any posi t ion ( h , 0 , @  can now be calculated.  The values 
of p re s su re ,  temperature, r e l a t i v e  humidity, azimuth, and elevat ion angle along 
the bal l  ’I t r ; t j ec tor ies  a re  obtained from the three t ab le s  a t  a height h. 
These values a re  calci.lated by in t e rpo la t ing  between two standard heights .  
I" 
13 
The azimuth and e l eva t ion  angle are converted to longitude and co-lat i tude 
$, t#3, 9, 5 ,  9). Equations (2-3) through ( 2 - 5 )  are used along with the  
in t e rpo la t ed  values of pressur? ,  temperature, and r e l a t i v e  humidity t o  
ob ta in  the  group r e f r a c t i v i t i e s  a t  a height  h along each balloon t r a j ec to ry .  
The c o e f f i c i e n t s  N are calculated using equation (3-4) a t  a 
hefght h. These coe f f i c i en t s  are then used i n  equation (3-3) along w i t h  
0 and 4 to ob ta in  N(h, 0,1$). By t h i s  method the three-dimensional r e f r a c t i v i t y  
Ne, and N r' $ 
profile is created. 
i 
I .  
I 
14 
4. A!!LYSIs OF THREE-DIMENSIONAL REFRACTIVITY PROFILE AND GRADIENTS 
The nonsymmetrical aspects  of group r e f r a c t i v i t y  are discussed i n  t h i s  
section. If Croup r e f r a c t i v i t y  w a s  sphe r i ca l ly  SjrIllIPetric, t he  r e f r a c t i v i t i e s  
measured along each balloon t r a j e c t o r y  should be equal a t  equivalent heights.  
Figures 7 and 8 are p l o t s  of  t he  difference between the  group r e f r a c t i v i t i e s  
measured along each balloon t r a j e c t o r y  versus height. 
on pages 15 and 16. 
F igu re  8 used sites 5 3 ,  55, and 5 7 .  Notice Figure 8 has  a l a r g e r  difference 
between the  r e f r a c t i v i t i e s  than Figure 7. 
The r e f r a c t i v i t i e s  a t  heights  d i r e c t l y  above each balloon release 
Figure 9 illustrates the  
Figures 7 and 8 are 
Figure 7 used release s i t e s  52, 5 5 ,  and 5 8 ,  while  
s t a t i o n  were calculated using equation (3-3). 
geometry of t he  problem. 
Calculated 
R e f r a c t i v i t i e s  
l l t  - 
 Trajectory 
Balloon Release S i t e  
Figure 9. Geometry of r e f r a c t i v i t y  ca l cu la t ions  d i r e c t l y  above each balloon 





ci;ure 7 .  Difference between gi’oup refractivities measured n l . o n ~  bn l locm 
trajectories versus he igh t .  S f t c  1 = 5 7 .  Situ 2 = 55. 








F i g u r e  3 .  U i f  ference between group re frac t iv i t i e s  measured along b a l l o o n  
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I 
The difference between the re f r8c t iv i tLea  d i r e c t l y  abQve each rite versus 
height  is p lo t t ed  i n  Figures 10 and 11. Figures 10 and 11 correspond t o  
I {  
t he  same radiosonde balloon releases used to  p l o t  Pigures 7 and 8. Notice 
t h a t  Figures 7 and 10 are similar. The reason f o r  t h i s  is t h a t  s i n c e  t h e  , i 
r e f r a c t i v i t i e s  along t h e  t h r e e  balloon trajectories (R Np, and Ns) d i f f e r  1' ; *: 
i by a small quant i ty ,  the c o e f f i c i e n t s  Ne and N 0 calculated by martix equation 
r l  
i 
(3-4)  are small. 
function of height  only ( sphe r i ca l ly  syaaretric). 
Therefore equation (3-3) f o r  r e f r a c t i v i t y  is e s s e n t i a l l y  a r *  
I n  t h i s  case, t h e  r e f r a c t i v i t y  
F 
calculated along the balloon t r a j e c t o r y  at a height  h is approximately equal 
t o  t h e  r e f r a c t i v i t y  calculated a t  the same height  d i r e c t l y  above the balloon 
release site. 
(N,, N2, and N d i f f e r  by a l a rge  amount). 
t he  d i f f e rence  between a three-dimensional and sphe r i ca l ly  syaaretric r e f r a c t i v i t y  
ray trace was l a rge r  when the balloon releases i n  Figure 8 (and 11) were used t o  
Figures 8 and 10 d i f f e r  s i g n i f i c a n t l y  s i n c e  Ne and N are l a r g e  
f 4 
i It is i n t e r e s t i n g  to  note  t h a t  3 
generate the  r e f r a c t i v i t y  p ro f i l e s .  
The t? and 4 gradients  were also calculated d i r e c t l y  above each release 
site using (3-7) and (3-8) and p lo t t ed  i n  Figures 1 2  and 13  along with t h e  
group r e f r a c t i v i t y .  I f  the r e f r a c t i v i t y  p r o f i l e  w a s  sphe r i ca l ly  symmetric 
these gradients  would be zero. Equation (3-3) was used t o  ca l cu la t e  t he  
r e f r a c t i v i t y .  Note that both p l o t s  of group r e f r a c t i v i t y  follow an exponential  
curve. The0 and+ gradients i n  Figure 13 have the  same general  tendencies, 
while the 8 and+ gradients  i n  Figure 1 2  are generally unrelated.  I n  both 
f igu res ,  t1,augh the 0 and4 gradients  are not zero. %his ind ica t e s  t h a t  
r e f r a c t i v i t y  is not sphe r i ca l ly  symmetric. The question then is how do 
these asymmetries a f f e c t  the accuracy of Marini and Murray's range correct ion 
f o n u l a ?  
18 
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REFRACTIVITY DIFFERENCE 
i 
Figure 10. Jifference between group re frac t iv i t i e s  calculated direct ly  
above each site versus height. S i t e  1 = 52.  S i te  2 * 55.  
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REFRACTIVITY DIFFERENCE 
. f .  
Figure 11. Difference between group re frac t iv i t i e s  cslculated directly 
ahove each site versus height. S i te  1 = 53 .  Site  2 = 5 5 .  
Si te  3 = 57. Time - 21:3(1. Date = 1/19/70. 
- - -  (NR1 - NR3)* - (*nr - N g2 ), 
... ,. 
E- 
, .  ,I 
. *  
- t  
20 
’ REFRACTIVITY AND GRADIENTS 
Figure 12 .  Group re frac t iv i t i e s  and partial  derivatives with respect to 
8 and 4 calculated directly above site 52 .  Auxiliary s i t e s  - 55 
and 58. Time = 6:30. Date - 1/27/70.  Partial derivatives ( 9 ,  $) 
have a dimension of (radiand)’l. 
i. 
c 






REFWCTIVITY AND GRADIENTS 
Figure 13. Group re frac t iv i t i e s  and partial  derivativzs w i t h  respect to  
0 and + calculated directly above s i t e  53.  
and 5 7 .  T i m e  - 21:30. DaLc = 1/19/70. Partial derivatives (Q,+) 
have a dimension of (radians)-l. 




5. BBSULTS TBREE-DMB#sIONAL RXFRACTIVIIY PROFILE RAY TRACING 
The error Lntroduced h t o  laser ranging measurements by asstlaing the 
r e f r a c t i v i t y  p r o f i l e  is 8 p h e r i d l y  s-tric is inves t iga ted  in t h i s  
section. 
r e f r a c t i v i t y  p r o f i l e s  were compared t o  evaluate t h i s  error. 
gives t he  d e t a i l s  of t he  ray  t r ac ing  Frocedure. 
dipensiona!. r e f r a c t i v i t y  profile,radioscmde data from Projec t  Hawen Hop 1 
was used. 
The reaaining b o  release sites are located approximately 100 Elometers from 
the  ranging site. 
set of th ree  release sites. 
dependent on azimuth angle since the r e f r a c t i v i t y  var ied l i n e a r l y  i n  the 
Ray traces through three-dinensional and sphe r i ca l ly  sysletric 
Appendix 1 
In crea t ing  the  three- 
One balloon release site was a s s u e d  t o  be the  ranging site. 
Figure 14 i l l u s t r a t e s  t he  approximate loca t ions  of one 
The three-dimensional ray trace, RT3, was 
22 
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Figure 14.  Locations of one set of re lease  s j t e s .  
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horizaatal d i rec t ion .  For BT3, t h e  azimuth angles  were se l ec t ed  i n  10" incre- 
ments fram the beginning azimuth, El, to  the f i n a l  azimth. E2. 
angles  forecd by the laser site and reraining two release sites, 
wed to  calculate t h e  beginning and f i n a l  azimuth angles. 
azimuth angle  less than 4, which is an even mul t ip le  of 10'. c2 is t he  closest 
azimuth g rea t e r  than % which is an even mul t ip le  of 10". 
beginning and f i n a l  azimuth angles for one set of t h ree  balloon release sites. The 
sphe r i ca l ly  syllwtric r e f r a c t i v i t y  p r o f i l e  wa8 ca lcu la ted  from the bal loon re leased  
f r a  t h e  ranging site. 
a funct ion of height .  
pared to  three-dirensional ray t r aces  a t  d i f f e r e n t  azimuth angles. 
through 21 represent  graphs of t h i s  comparison. 
were ca lcu la ted  every loo, were connected by s t r a i g h t  l i n e s .  
balloon released from the  ranging site w a s  blown a t  an azimuth angle  of approxi- 
mately 90'. 
t h e  d i f fe rence  betwee- RT3-RT was small at an azimuth of 90" (See Figure 15 f o r  
these  r e s u l t s ) .  
to  t h e  6 and (0 of t h e  balloon t r a j ec to ry  at a given height. 
The azimuth 
and A2, are 
6, is the  closest 
See Figure 14 for 
UT1 was independent of azimuth since r e f r a c t i v i t y  w a s  only 
Each sphe r i ca l ly  sypmetric ray trace, therefore ,  w a s  cob- 
Figures 15 
The da ta  po in t s  (RT RT1), which 3- 
In  Figure 3, t h e  
When t h e  same balloon releases as i l l u s t r a t e d  i n  Figure 3 were used, 
1 
This is expected s i n c e  the  8 and I$ along the  ray  pa th  are similar 
The histograms i n  Figures 21, 22, 23, and 24 were obtained from 428 com- 
par isons of ray traces through three  dimensional and sphe r i ca l ly  syarnetric 
r e f t a c t i v l t y  p ro f i l e s .  
from 17 different.  sets of 3 balloon re leases .  For each s e t  of r e l eases ,  rays  were 
t raced a t  8 t o  9 azimuth angles from each of the  three  r e l ease  s i t e s .  A l l  r e f rac-  
t i v i t y  p r o f i l e s  were generated fo r  a wavelength of 530 nanometers, which is the  
wavelength f o r  t he  doubled Yag l a s e r .  
i n  ApDendix B pages 67 to  134. 
i n  t h i s  inves t iga t ion  t o  Marini and Murray's r e s u l t s  (Table 1). 
angle of 10' the  standard deviat ion of RT3-RT1 is  287 centimeters. Marini and 
Murray ca lcu la ted  the s t anda rd  deviat ion of the d i f fe rence  betveen t h e i r  formula and 
The 428 ray t r aces  a t  each e leva t ion  angle were obtained 
The a c t m l d a t a  f o r  these 428 ray t r a c e s  is 
I t  is i n t e r e s t i n g  t o  compare the  r e s u l t s  obtained 
A t  an e leva t ion  













-4' . ' I I I I I I I I '  I I I 1 1 I 
90. 100. 110. 120. I30 I40 IO ' 160. 
AZIMUTH 
Figure 15. Difference betWeen three-dimensional refractivity ray trace 
(RT ) and spherically symmetric refractivity ray trace (RT1) 
veraus azimuth. 
Time = 17:30. 
Laser site = 52. At=. sites = 53 and 56. 
Date = 2/13/70. 
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Fiyure 16. Dicference between three-dimensional refractivity ray trace 
(RT ) and spherically symmetric refractivity ray trace (RTI) 
veraus azimuth. 
Time = 21:30. Date = 1/19/70. 
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200' 210' 220' 230' 240' 
Figure 1 7 .  Differenc- between three-dimensional refractivity ray trace 
(RT ) and spherically symmetric refractikity ray trace (RT1) 
verjus azimuth. 
Time = 17:30. 
Laser site = 53. Aux, e i t e r  - 52 and 56. 
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Figure 18. Difference between three-dimensional refractivity ray trace 
(RT ) and spherically symmetric refractivity ray trace (RT1) 
veraus azimuth. 
Time = 19:30. Date = 2/13/70. 
Laser site = 56. Aux. sites = 52 and 53. 
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Figure 19. Difference between three-dimensional refractivity ray trace 
(RT ) and spherically symmetric refractivity ray trace (RT1) 
vedus azimuth. 
Time = 17:30. 
Laser site * 56. Aux. sites = 52 and 53. 
Date = 2/13/70. 
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Figure 20. Difference between three-dimensional refractivity ray trace 
(RT3) and spherically symetric refractivity ray trace (RTI) 
versus azimuth. Laser site = 56. Aux. sites = 52 and 54. 
Time = 17:30. Date = 1/15/70. 
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ELEVATION ANGLE = IO' 
MEAN 8 0.01 cm 
STANDARD DEVIATION = 2.87cm 
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Figure 21. Histogram of RT3-RT1 data for E = 10' and wavelength = 531) 
nanometers. Sample s i z e  = 428, 
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Figure 22. Histogram of RT3-RT1 data for E = 20' and wavelength = 530 
nanometers. Sample size = 428. 
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Figure 23. Histogram of RT'j-RTl data for E = 40' and wavelength = 530 










ELEVATION ANGLE = 8Co 
MEAN = -.05cm 
STANDARD DEVIATION = 0.44 cm 
I l l l l l r l r l l l r  1 1 1 1  
-2.0 -1.0 0.0 1.0 2.0 
RT,-RT, ( c d  
Figure 24. Histogram of RT3-RT1 data for E = 80' and wavelength - 530 





ray t r a c i n g  through a sphe r i ca l ly  eynastric p r o f i l e  (RTl-Mt4) t o  be only ,49 
centimeters a t  E 
Invest igat ion are l a r g e r  than Maria1 and Murray's standard deviat ions of 
RT1=M by n!-t a f a c t o r  of 10 a t  e l eva t ion  angles of 20°, 40°, and 80'. 
The d i s t r i b u t i o n s  i n  Figures 25, 26,  2 7 ,  and 28 were calculated from the 
10°.The standard deviations of RT3-RT1 obtained ln t h i s  
same da ta  used f o r  the histograsrs (N = 428).  
grea te r  than a value can be found from these d i s t r i b u t i o c s .  
The percentage of RT -RT1 values 3 
The dashed l i n e  
represents  a t h e c r e t i c a l  Gaussian d i s t r i b u t i o n  with zero mean and standard 
deviation equal  t o  the  standard deviat ion calcufated a t  each elevation angle. 
Notice tt .: 84% of the  RT3-RT1 values at E = IOo were g rea t e r  than Marlni 
and Murray's standard deviat ion at 10'. The o t h e r  e l eva t ion  angles calculated 
also had hlgh percentages g rea t e r  than Marlni and Murray's standard deviat ion 
(85% @ E = 20°, 85% 5 E - 40'. 91% @ E = 80'). 
The sphe r i ca l ly  syPmetric r e i r a c t i v i t y  ray traces which we evaluated were 
a l s o  compared t o  Marini and Murray's formula, MM. Table 2 summarizes these 
r e s u l t e  along with the r e s u l t s  obtained f o r  RT3-RT1 and RT3-MM. 
data the mean values of RT -MM a t  d i f f e r e n t  e l eva t ion  angles are. much l a r g e r  1 
than Marlni and Murray's d a t a  (summarized i n  Table 1). 
For our 
We bei ieve t h i s  can 
be p a r t i a l l y  accounted for by the f a c t  t h a t  our radiosonde da ta  WBB taken 
only during January and February of 1470 and i n  only me l o c a l i t y ,  the 
Vashington, I). C. area. Marini and Murray used data  from more than one 
l o c a l i t y  and over longer periods of time [3].  The standard deviat ions between 
RT and MM compare very w e l l  with Marini and Murray's results. 
Murray's r e s u l t s  were obtained f o r  a ruby laser a t  a wavelength of 694 nano- 
Marini and 1 
meters. 
can j u s t  be added. 
standard deviations of RT -RT 
To obtair. thz mean between RT and MM the means of RT3-RTl and RT1-MM 3 
The standard deviat ion of RT3-MM can be found from the 
and RT -MM by assuming these values are 3 1  1 
. .  
P 
.- , 
' t  F 
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Figure 25. Distribution of RT3-RT1 data for E = 13" d t d  wavelength = 53' 
nanmeters. Sample size 428. f -  - -) represents Gaussian 
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Figure 26. Distribution of RT3-RT1 data for E = 20' and wavelength = 530 
nanometers. Sample s i z e  = 428. (- - -1 represents Gaussian 
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Figure 27.  Distribution of RT3-RT1 data for E - 43' and wavelength - 539 
nanometers. Sample size = 4 2 5 .  (- - -1 represents Gaussian 
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Figure 23. Uistribution of RT3-RT1 data for E = 80" and wavelength = 530 
nanometers. Sample s i z e  = 428. (- - -1 represents Gaussian 
















































s t a t i s t i c a l l y  indepex. 
equation (5-1) r e s u l t s .  
!king the abbreviation STD f o r  standard deviat ion 
t 
(5-1) STD(RT~-MM> = (sm 2 ( R T ~ - R T ~ )  + sm 2 (RT~-MM))*~ 
Equation (5-1) w a s  used t o  ca l cu la t e  standard deviations of RT3-MM in Table 2. 
We bel ieve t h a t  Marini and Murray's r e s u l t s  are v a l i d  when the r e f r a c t i v i t y  
is sphe r i ca l ly  synraetric. Saastamoinen [l] estimated t h a t  the departure of 
t he  atmosphere f o r  sphe r i ca l  symmetry would introduce a t  most 1 t o  2 centimeters 
e r r o r  i n t o  the  range correct ion formula a t  10 
10' e leva t ion  (Figure 26) i nd ica t e s  t h a t  682 of the values ( e r r o r s  introduced 
by nonsymmetrical r e f r a c t i v i t y  p r o f i l e )  are g rea t e r  than 1 centimeter and 38% 
are g rea t e r  than 2 centimeters. 
0 elevat ion.  However our data  f o r  
The dependence of RT RT on wavelength was examifled by comparing a small 3- 1 
sample (N=42) of ray t r aces  a t  530 and 353 nanometers. The wavelength f o r  
the t r i p l e d  Yag l a s e r  is 353 nanometers. The data  obtained from t h i s  wavelength 






N 0 42 N = 42 
A - 353 nanometers X = 530 nanometers 
Standard Standard 
Hean (cm) Deviation (cm) Wean (cm) Deviation (cn) 
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that group refractivity fa Lovcrne1y rehted t o  v8velewth .  
31, 32, and 33 are p l o t s  of thla corp.ri.oa. 
frequencies is small when RT3-RT1 is small  (Figure 33) and 1: 
is l a rge  (Figure 30). 
wavelength S 8  always grea te r  than a t  a higher wavelength. This is expected 
since the  r e f r a c t i v i t y  increases  w i t h  decreasing wavelength (equation 2-3). 
Figure 33 gives a good illustration of t h i s  f ac t .  me r e s u l t s  of frequency 
Figures 29, 30, 
The difference between the  two 
when RT -RT1 3 
Notice though, t ha t  t he  value of /RT3-RT11 at a lower 
dependence are smmari ted in Table 3. 
TABLE 3 
WAVELENGTH COMPARISON OF RT3-RT1 
I I I RT3 - RT1 RT3 - RT1 I 
I I10 I 1.32 I 2.55 I 1.23 I 2.35 f 
i 
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Figure 29. Comparison of RT3-RT1 at X = 353 and 530 nanometers. 
E = 10'. Laser site * 56. Aux. sites = 5 2  and 5 4 .  
Time = 23:30. Date = 1 / 2 1 / 7 0 .  
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T'igure 30. Comparison of RT3-RT1 at A = 353 and 530 nanometers. 
E = 10'. Laser s i t e  = 56. Aux. s i t e s  = 52 and 55 .  
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Figure 31. Comparison of RT?-.RT1 at X = 353 and 530 nanometers. 
E * 10'. Laser site = 58. Aux. sites * 52 and 55. 
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Figure 32. Comparison of RT3-RT1 atA = 353 and 530 nanometers. 
E = 10'. Laser site * 58.  Aux. sites = 52 and 55 .  
Time = 2:30. Date = 1/27/70 .  
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Figure 33. Comparison of RT3-RT1 at A 5353 and 530 nanometers. 
E = loo .  Laser site = 56. Aux. sites = 52 and 55.  
Time = 21:30. Date = 1.130170. 
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6 .  ACCURACY OF RADIOSONDE BALLOON DATA 
The r e s u l t s  in Sections 4 and 5 i n d i c a t e  t h a t  the asymmetries i n  atmos- 
pheric  r e f r a c t i v i t y  can introduce s u b s t a n t i a l  e r r o r  i n t o  the  surface 
correct ion formulas. 
small. 
radiosondes along the balloon t r a j e c t o r i e s  and d i r e c t l y  above the release 
sites are only on the order  of 1 to  2 percent (Figures 7 ,  8, 10, and 11).  
?kasured pressure differences are typ ica l ly  a few m i l l i b a r s  and temperature 
differences are typ ica l ly  two degrees o r  less. 
are not  s u b s t a n t i a l l y  g r e a t e r  than the accuracy of the radiosonde measure- 
ments. 
and 5 due t o  a c t u a l  asymmetries i n  the atmosphere o r  a r e  they caused by e r r o r s  
i n  t h e  radiosonde measurements?" To answer t h i s  question we introduced ran !om 
e r r o r s  i n t o  some se l ec t ed  samples of t f iL  ,cidiosonde data  and observed the 
e f f e c t s  on the one-dimensional and three-dimensional ray t r ace  r e s u l t s .  
This is t rue  even though the  asymmetries appear t o  be 
The va r i a t ions  i n  r e f r a c t i v i t y  a t  a given height  measured by the  th ree  
These small differences 
The question then arises, "Are  t h e  e f f e c t s  we observed i n  Sections 4 
Typical radiosonde measurement e r r o r s  [5] are summarized i n  Table 4. 
These e r r o r s  were introduced by adding s t a t i s t i c a l l y  independent random 
numbers t o  the radiosonde measurements. The random numbers were Gaussian 
d i s t r i b u t e d  with a zero mean and standard deviation equal t o  the root  mean 
square e r r o r  of t he  corresponding measurement. 
a standard deviation of .7 (OC). 
which was a function of height (Example from Table 4: height = 35,000 f e e t  
then the  standard deviation = 1 (mb.)). 
deviation was a function of temperature. 
a standard deviation of 10 (%) was assumed. 
e r r o r s  were j u s t  added t o  each measurement, while t h e  r e l a t i v e  h u m i d i t y  
e r r o r  was a percentage e r ro r .  This procedure of calculat.ing the random e r r o r s  
The temperature e r r o r  had 
The pressure e r r o r  had a standard deviat ion 
The r e l a t i v e  humidity standard 
If the te7perature was below -40 OC 
The temperature and pressure 
b 
1 .  







. 7  mb. 
1.0 mb. 
1 .2  mb. 
1.0 mb. 











Surface - 120,000 f e e t  
T > O°C 
Oo 2 T -40OC 
T -4OOC 
SurFdce - 10,000 f e e t  
10,000 - 20,000 f e e t  
20,000 - 30,000 feet  
30,000 - 40,000 f e e t  
40,000 - 50,000 f e e t  
50,000 - 60,000 f e e t  
Accuracy 
(Root Mean Square) 
.- 
- a  
was done f o r  each measurement. Each Gaussian e r r o r  ca lcu la ted  was independent 
of any other  e r ro r .  
Comparisons were made between ray t r aces  through r e f r a c t i v i t y  p r o f i l e s  
generated by e r r o r  f r e e  da ta  (o r ig ina l  radiosonde data) and e r r o r  da ta  
(Gaussian e r ro r s  introduced). 
with pressure only e r r o r s ,  the o the r  with temperature, pressure,  and r e l a t i v e  
humidity e r ro r s .  Table 5 summarizes the results obtained from these r a y  
t races .  RT ) was obtained from ray t r aces  through r e f r a c t i v i t y  
p ro f i l e s  generated by e r r o r  f r e e  da ta ,  while 
from ray t races  throlrgh r e f r a c t i v i t y  p r o f i l e s  generated by e r r o r  da ta  
(pressure,  temperature, and r e l a t i v e  humidity e r r o r s ) .  The sample s i z e  
f o r  these standard deviat ions was 80. 
t o  STD(RT:-RTy) is 5 a t  E = 10'. 
The e r r o r  da ta  consis ted of two types,  one 
STD(RT 3- 1 
STD(RT" RT") was ca lcu la ted  3- 1 
Notice tha t  the r a t i o  of  STD(RT3-RT1) 
This r a t i o  can be regarded as the effective 
3 




RESULTS OBTAINED FROM INVESTIGATION OF TYPICAL ERRORS BEING INTRODUCED INTO RADIOSONDE BALLOON DATA 
! STANDARD DEVIATION (cm) 
I RT -RT1 3 










(RT3-RT1) - (:. :"-RT") 3 1  

























RT'; = 3-dimensional refractivity ray trace with typical errors in pressure, temperature and 
relative humidity . 
RT3 = 3-dimensional refractivity ray trace with typical errors in pressure. 
RT;I = Spherically symnet*-ic refractivity ray trace with typical errors in pressure, temperature, 
and relative humidity . 
RT; = Spherically symmetric refractivity ray trace with tvpical errors in pressure. 
? M I 1  = Marini and Murray's formula correction with typical. errors in presswe, temDerature, and 
relative humidity. 
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"signal-to-noise ratio ' '  (SNR). 
The s tandard 'eviations of RT -RT!! and RT3-RT' wera ca lcu la ted  t o  examine 
what percentage of t h e  change .A ray trace3 was caused by pressure e r ro r s .  
This "SNR," though, decreases t o  1.38 @ E = 80'. 
3 3  3 
The ind ica t ions  are t h a t  e r r o r s  i n  pressure can account f o r  approximately 50% 
of the  t o t a l  change ia ray traces. 
mately equal t o  STD(KM"-RT';). 
somewhat self-compensating when random errors ale introduced intcr the  radiosonde 
The standard deviat ion of MM-RT1 is approxi- 
This means Marini and Murray's formula is 
measurements. 
and RT3-RT[;. A t  an e leva t ion  angle of 10' STD(RT -RT") is grsa te i  than 
STD(RT1-RTy). 
e r r o r s  were introduced i n t o  three  ballooq re leases  which were then used t o  
It is i a t e r e s t i n g  t o  compare the standard d e v i a t j t n s  of RT -RT" 1 1  
3 3  
This ca? be accounted f o r  by the  f a c t  t h a t  f o r  RT" random 3 
ca lcu la te  t he  r e f r a c t i v i t y  along the  ray path,  while  t he  r e f r a c t i v i t y  along 
the ray path f o r  RT" was calculated using cnly one. A t  80' ETI>(RT -RT';) is 1 3 
equal  t o  STD(RT1-RT;I) because the  r e f r a c t i v i t y  .Is primari ly  a funct ion of t he  
r e f r a c t i v i t y  measure< by the  bal loon released from the  l a s e r  s i te .  The standard 
deviat ion of MM-MM" represents  t he  magnitude of the e r r o r  introduced i n t 3  
Marini and Murray's formula by sur face  measureinent e r ro r s .  I t  is  i n t e r e s t i n g  
t o  note  t h a t  STD(MM-MM") is approximately equal t c  STD(MM-RT1) a t  each eleva- 
t ion  angle. 
azimuth. 
va r i e s  around RT3-RT1 i n  Figure 33. 
Figures 34 through 39 are graphs of RT3-YTL, RT'-RT" versus 3 1  
The "SNR" is  similar between Figures 34 and 35. Notice how RT';-RT" 
A 
A t  an e leva t ion  angle of 10' the  change i n  t h e  ray t r ace  r e su l t s  caused by 
e r r o r s  i n  radiosonde data  (STD(RT"-RT';)I is only 20% of  the roza: range correct ion 
error (S13;XT -RT ) I .  These r e su l tb  ind ica t e  t h a t  Gaussj-ii e r r o r s  fn radiosonde 
measurements a r e  not the primary source of the w f t a c t i v i t v  cy,rxiients which 
3 




* .'. were obserqec! i n  Sections 4 and 5 .  . .  
i 
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Fipre 3 4 .  Plots of R13-RTj without random errors (-), with pressure 
errors (- - -), and w i t h  pressure, tempe. ture, and re lat ive  
humidify errors ( - e - * -  ). E - 10'. Laser Bite - 56. 
Aux. s i t e s  = 52 and 54. Time = 23:30. Dote = 1/21/70. 
. 
. i 
RT3 - R l ,  - 
RT; -RJ' --- 
I I I I I I I I I I I I I 




Figure 3 5 .  Plots of RT3-RT1 without random errors (-1, with pressure 
errors (- - -1, and w i t h  pressure, temperature, and re la t ive  
humidity errors ( - * - e -  ). E - 10'. Laser s i t e  = 52.  
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Figure 36. P l o t s  of RT3-RT1 without random errors (- 1, with pressure 
errors (- - -1, and with pressure, temperature, and re lat ive  
humidity errors ( - * - * -  ) . E = 20'. Laser site = 56. 
Aux. sites = 52 and 5 4 .  Time = 23:30. Date = 1/21/70. 
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Figure 37. Plots of RT3-RT1 without random errors (-1, with pressure 
errors (- - -), and with pressure, temperature, and re la t ive  
humidity errors ( - * - e - ) .  E = 20'. Laser site = 52. 
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Figure 38. Plots  of RT3-RT1 without random errors (-Is with pressure 
errors (- - - ) *  and with pressure, temperature, and re la t ive  
humidity errors ( - - - e - ) .  E = 40'. Laser site = 52. 
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E =  80° 
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l7Oo 180' 190' 
Figtire 39. P lots  of RT3-RT1 without random errors (-1, with pressure 
errors (- - -1, and with pressure, temperature, and relative 
humiditv errors ( - * - e - ) .  E = 80°.  Laser site * 52. 
Aux. sites 5 55 and 56. Time - 23:30. Date = 1/21/70. 
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7. SURFACE CORRECTION FORMILA 
In th is  sectioa a surface correction formula will be developed to 
partially ampensate for the asymetries in the refractivity. 
40, forula (7-1) can be obtained for the refractivity at any value of h and 
a. Figure 40 is on page 57. 
refractivity varies linearly in the horizontal direction 
Using Figure 
This formla for group refractivity assumes 
here J, is the angular separation between the two sites, and Ng. (h) and 
1 
iJ 
Using Figure 41 and approximating 8 by E and y by 90°, the chord distance 
between the two suriace points can be calculated. 
(h) are the group refractivities directly above their respective sites. 
82 
Aswnning the chord distance 
, i 
, .  
s 





Figure 40. Geometry for the two site correction formula. 
< .  f 
i 
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is equivalent  to t h e  arc d i r tance ,  a can be approxiranted by h/(r; tan E). 
Applying t h i s  apwoximation w d  rearranging term s i m p l i f i e s  (7-1) t o  
where 
rO = nominal e a r t h  rad ius  = 6378 km . 
Equation (7-2) f o r  group r e f r a c t i v i t y  can now be subs t i t u t ed  into ?n teg ra l  
(2-8) t o  ob ta in  
. r  . .  (7-3) 
Notice t h a t  t h e  last two terns are just t he  i n t e g r a l s  which Pfarlni and Murray 
evaluated to obta in  t h e i r  cor rec t ion  fannula for  s i te  1, MM 
is an e r r o r  term which compensates fo r  l i n e a r  v a r i a t i m s  i n  r e f r a c t i v i t y  i n  
The f i r s t  term 
1' 
the  hor izonta l  d i r ec t ion .  Thus we can write 
Using Sne l l ' s  Law i:i] and expanding i n  inverse powers of sin(OO) gives I 
i 
N (r) f d r  10'6 s i n  eo I Wg(h) dh - {$ $ h%g(h) dh 
s i n  eo s i n  e 
- 1 hNg(h)[No - N(h)] dh 1 (7-5) 
where 
0 '  h - r - r  
1 ’  
! 
’ i  ..- 
a 
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N is the phase refractivity, and is given at optical frequencies [ 3 ]  by 
(7-6 1 
An approximate evaluation of the first tern of the expansion in equation (7-5) 
was calculated by Marini and Murray [ 3 ]  
i 
where F o, To, and K are as defined in an earlier section. 
terms of the expansion will be neglected since their contribution is only a 
small percentage of the final correction (millimeters compared to centimeters). 
Combining Equations (7-4), (7-5) and (7-7? gives 
The remaining 
f(X)(1.084 x AR = ?+ (P2T2!C2 - PITIK1) 
rlr tan E sin E (7-8 
where MM is the Marini and Murray correction for site 1 (equation (2-9) )  
and P T K and P T K are a function of the sixface measurements at sites 1 
and 2 respectively. These measurements are taken at identical heights above 
sea level. The fact that 0 can be approximated by E was also used in 
equation (78). Noting that Q = d/r where d is the arc distance between 
I)’ 
the two sites, Equation (7-8) becomes 
1 
1 1 1  2 2 2  
0 
C AR = MM -b 1 tan E sin E 
where f(h)(l.O84 x 3 (p - 












Formula (7-9) was w e d  to  co r rec t  a small number (N-10) of laser ranging 
measurements. 
t h e  laser beam propagated d i r e c t l y  over one of the  o the r  release sites. 
This w a s  done by s e l e c t i n g  the azimuth angle for RT so t h a t  3 
The 
f i r s t  two radiosonde d a t a  points  of t h i s  s i te were used t o  i n t e r p o l a t e  t h e  
pressure,  temperature, and relative humidity a t  the  same height as the  laser 
site. In a l l  cases the  height  of the laser s i te  w a s  g rea t e r  than the remaining 
two release sites. 
(7-8). 
balloon released from the  laser site. The s tancard deviat ion of t h e  d i f f e rence  
These values w e r e  used t o  ca l cu la t e  P2T2K2 in-formula 
P T K was calculated from the f i r s t  radiosonde d a t a  point of t he  111  
between Harini  and Murray's formula and RT3 was 2.43 cm and the  mean was .31 c m  
f o r  t h e  10 ray traces. 
w a s  reduced t o  .69 cm and t h e  mean w a s  .27 cm. 
When equation (7-9) was used the standard deviat ion 
An e leva t ion  angle of 10' was 
used because the e r r o r  i n  Marini and Murray's formula is l a r g e s t  a t  t h i s  
angle. Figure 42 is a graph of C / ( s i n E  * t anE)  with the  circles denoting the 
values obtained a t  d i f f e r e n t  e l eva t ion  angles by ray t r ac ing  through a three- 
dimensional r e f r a c t i v i t y  p ro f i l e .  
E =  10' t he  
The constant C was calculated so t h a t  a t  
curve C!(sinE tanE) matched the f i r s t  d a t a  point.  C w a s  not  
calculated from equation (7-9) because a second set of su r face  measurements 
a t  a po in t  beneath t h e  laser beam t r a j e c t o r y  was not avai lable .  The c lose  
match between t h e  t h e o r e t i c a l  curve and the ray t r a c e  da t a  points  i nd ica t e s  
t h a t  theerror  c lose ly  follows the l / ( s i n E  tanE) deFendence predicted by 
' 






Figt;re 42. Theoretical dependence (-1 of R T y R T 1  on elevation anc,le 
and actual data p o i n t s  (0) obtained by ray tracing. i 
! Laser s i t e  = 52. Aux. s i t e s  = 53 and 5 4 .  Time = 1:30. Date = 1/20/7r). 
i 





Numerous correct ion formulas have been developed to  compensate laser 
ranging d a t a  for atmospheric r e f r ac t ion .  
(1) and Marini (2) are p a r t i c u l a r l y  convenient f o r  use i n  co r rec t ing  satel l j te  
t racking d a t a  because they use su r face  measurements of pressure,  tetrperature 
and humidity t o  der ive the range correction. 
assuming that the  r e f r a c t i v e  index p r o f i l e  i n  the  atmosphere i s  s p s e r i c a l l y  
symmetric. 
The formulas developed by Saastamoinen 
The formulas were derived by 
We have invest igated t h e  accuracy of Marini 's formrla by comparing i t  
with corract ions obtained by ray-tracing through 3-dimensional r e f r a c t i v i t y  
p ro f i l e s .  
obtained from radiosonde balloons which were released simultaneously from 
three sepa ra t e  locat ions around t te  ranging site. The r e f r a c t i v i t y  was assumed 
t o  vary l i n e a r l y  i n  the  horizontal  d i r ec t ion .  Also, the  r a y  t r ac ing  method was 
based i n  p a r t  on the hydros t a t i c  equation because the heights  which appear i n  
the radiosonde p r o f i l e s  were calculated from the measured pressures ,  temperatures 
and r e l a t i v e  humidities using the hydros t a t i c  equation. Our r e s u l t s  i nd ica t e  
t h a t  t he  departure of t he  r e f r a c t i v i t y  p r o f i l e s  from sphe r i ca l  symmetry introduces 
approximately 3 centimeters e r r o r  i n t o  Marini 's  correct ion formula a t  10' 
elevation. The e r r o r  decreases t o  a few millimeters near zenith.  For a given 
3-dif i~asional  p r o f i l e ,  the e r r o r  is a function of azimuth and elevat ion angles 
and can vary over a range of more than 5 centimeters for  a 90 
azimuth. The e r r o r  decreases as the wavelength of the laser is increased. 
The 3-dimensiondl p r o f i l e s  weri?. generated using measurements 
0 change i n  
A surface correct ion formula which compensates for  horizontal  va r i a t ions  
i n  r e f r a c t i v i t y  has been developed. The formula requires  the pressure,  
temperature and r e l a t i v e  humidity a t  t h e  l a s e r  s i t e  and a t  a second lacat ion 
beneath the l a s e r  beam t r a j ec to ry .  Although the formula has been t e s t ed  on 
only a small sample of da t a ,  the r e s u l t s  a r e  encouraging. 
' -  I 
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APPENDIX A 
R A Y  TRACING PROGRAM 
The f i r s t  s t e p  i n  the  ray t r ac ing  program i s  t o  read the  three sees 
of radiosonde measurema;:ts. The measurements are used t o  gucerate th ree  
t ab le s  of pressure,  temperature and relat ive humidity a t  f ixed  a l t i t u d e s  
along the balloon t r a j e c t o r i e s .  
merlsurements were obtained w i l l  i n  general  be d i f f e r e n t  from the  fixed 
a l t i t u d e s  and d i f f e r e n t  f o r  each balloon release, t h e  pressure,  temperature 
and r e l a t i v e  humidity a t  the  fixed a l t i t u d a s  must b e  in te rpola ted .  
i n t e rpo la t ion  procedure is discussed i n  d e t a i l  i n  Section 3. Next the phase 
and group r e f r a c t i v i t y  a t  t.,:<& f ixed  a l t i t u d e s  along each balloon t r a j e c t o q  
are ca lcu la ted .  The phase and group r e f r a c t i v i t i e s  along the  ray path are 
then calculated using the  in t e rpo la t ing  formula (3-3) and equation (3-4). 
The co-lat i tude and longitude of t he  rav a t  the fixed a l t i t u d e  are determined 
by assuming the ray path is a s t r a i g h t  l i n e .  
the e r r o r  introduced by t h i s  assumption is negl ig ib le .  The group and phase 
r e f r a c t i v i t i e s  a t  the  fixed a l t i t u d e s  along the ray path are passed t o  the 
ray t r ac ing  program which calculate'; range (R13), range correct ion and e 
(see Figure I). TI:e value of 8 is  used i n  Marini and Murray's formula. 
RT is calculated using only the measurements obtained by the balloon which 
was released from the laser s i te .  The Thayer method ray t r ac ing  program 
which was used by b a r i n i  and Yurray [ 3 ]  was a l s o  u s e d  t o  obtain our r e s u l t s .  
Therefore, our procedure f o r  ca l cu la t ing  RT i s  t h e  same as Marini and 
Xurray's. I n i t i a l l y ,  a more complex ray t r ac ing  program which required the 
0 and + r e f r a c t i v i t y  gradients was used to ca lcu la t e  the  range correction. 
However, the  r e s u l t s  were n o t  subs t an t i a l ly  d i f f e r e n t  from those obtained 
from the s i m p l e r  and faster Thayer method program. A flowchart o f  thc  rav- 
t r ac ing  procedure is  i l l u s t r a t e d  i n  Figure 4 3 .  
Since the  a l t i t u d e s  a t  whicl. t he  radiosonde 
The 
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64 
READ IN TBREE RADIOSONDES, WAVELENGTH, 
ELEVATION (E),  BEGINNING (5,) AND 
I-  I SURFACE 7s 
USE THREE TABLES TO CALCULATE 
HEIGflTS ALONG RAY PATH 
REFRACTIVITY AT STANDARD - 
r 
USE ONE TABLE Ti) 
I F  CALL RAY TRACE 
4 
RJFRACTIVITY AT STANDARD 
HEIGHTS ALONG RAY PATH. 
CALL RAY TRACE 
PROGRAM A2 = AZ +loo 
m b d  






Figure 4 3 .  F i o w  chart of ;,iy tracing procedure. 
APPm1.X B 
RAY TRACE RESULTS 
65 
The results of the ray traces through the three-dinrensional and sphe r i ca l ly  
syPretric r e f r a c t i v i t y  p r o f i l e s  are l i s t e d  on pages 67 through 144. 
of t h e  d a t a  sumnary lists t h e  radiosonde parameters for each .;et of t h ree  
balloon releases. 
a l t i t u d e ,  azimuth acgle ,  e levat ion angle and range of t he  balloon when the  
last measurement w a s  taken. The ray trace parameters are l i s t e d  on shee t s  
2, 3 and 4. 
sphe r i ca l ly  s-tric r e f r a c t i v i t y  ray traces. 
from P(arini and Hurray's formula, eq. (2-9). MI-RT is the  difference between 
M r i n i  and Hurray's formula and the  ray trace through the  sphe r i ca l ly  symmetric 
p r o f i l e .  Azimuth se l ec t ions  f o r  RT are from the beginning azimuth t o  
the f i n a l  azimuth e2 i r ?  10' inciements. 
6, as explained i n  Section 5 .  
obtained from Table 7. 
Sheet 1 
The parameters include the release date  and time and the 
RT RT1 is t he  d i f f e rence  between the three-dimensional and 3- 
p(M i n  t he  correct ion obtained 
1 
3 1 
Table 6 is used t o  ca l cu la t e  C1 and 
The arc dis tance between releas: sites can be 
TABLR 6 



































































































ARC DISTANCE BETWEEN RELEASE SITES (KILOWTERS) 
lelease 
Sites 
Release S i t e s  























































































Sheet 1 : I adiosonde Parameters 
















I C  
r 1 
68 
1 oo 20° 40° 
DATA S W R Y  
80' 








Sheet 2: Ray Trace Parameters 
SITE STN 52 RELEASE DATE 1/30?70 TIME a t 3 0  
SITE ALTITUDE (e) 140 WAVE LENGTH (nm) 530 
- 
-2.20 -1.17 -.76 
-2.47 -1.23 -.76 
-2.73 -1.30 -.77 





























13.59 2.46 * 
I e- 
> 




















- .86  - .86 
-1.03 - . g o  
Sheet 3: Ray Trace Parameters 
13.57 
0.20 
SITE STN 55 RELEASE DATE 1/30/70 TIME 21:30 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530 
7.04 3.76 
- 
























DATA S W Y  
-.go -.97 -.84 
-.go -.97 -.a4 






-.95 -.98 -.84 
-1.05 -1.00 -.84 
Sheet 4: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 1/30/70 TIME 21:30 
SITE ALTITODE (m) 140 
-





-1.37 -1.08 - - 85 
-1.59 -1.13 -.85 





7.03 I 3.76 2.46 









*O0 i 400 1 oo 
-.08 -1.19 I -1.04 I -.85 
IC 
i 
; !  
_. , 
i 
b '  
.c I 
i 
! *  
DATA S W R Y  
Sheet 1 : Radiosonde Parameters 











































72 I .  1 
DATA S W R Y  
Sheet 2: Ray Trace  Parameters 
SITE STN 2 RELEASE DATE 1/27/70 TIME 2:30 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530 
ELEVATION 1 1 oo .*: 80' 
130 - .17 -.88 











1 80 -1.60 -.18 
190 -. 18 -1.48 
200 -1.35 - .18  
13.53 2.45 
- . 1 0  0.04 
-' . -' '- "7 --- 
0 . 2 9  - . l o  
0 . 3 3  - . 0 9  
0 . 3 3  - . 0 9  
0 . 3 1  - . 0 9  
0 . 2 6  - . l o  
0 . 1 8  - . 1 2  
0 .07 - . 1 4  
-.os -. 18 




- . 1 3  - . l o  
-. 12 -. 10 
-.12 - . l o  
- . 1 2  -. 10 
-. 13 - . l o  
- . 1 3  - . l o  
-. 14 -. 10 




DATA S H R Y  
Sheet 3: Ray Trace Parameters 
SITE STN 55 RELEASE DATE 1/27/70 TIME 2:30  -










1 3 . 5 1  7 . 0 1  3 . 7 5  2.45 
-. 11 0 . 1 7  0 . 0 7  0.04 
I .  
i 
4 




# 58 - 
1 oo 20° 
74 
40° 80' 






Sheet 1: Ray Trace Parameters 
SITE STN 58 RELEGSE DATE 1/27/70 TIME 2:30 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) - 530 
- - 
-.06 -.18 -.15 -.13 
0.07 -.15 - .14 -.13 
0.17 -.12 -. 13 -.13 
0.25 -.lo -.13 -.13 
0.31 -.09 -.13 -.13 
330 
340 
0.33 - .09 -. 13 -a13 
0.29 -.lo - . 1 3  -.13 











7.00 3.75 2.45 
P. 




, . _  
2 4  






13 .2  1 2 . 6  




104 .3  96.9 AZIMIJTH 
E LEVATI ON 
1 '  
75 
DATA SUMMARY 
Sheet 1 : Radiosonde Parameters 
Release Date 1/21/70 
STAT I ON I STAT I ON I STATIOK 
142 .1  
7 . 2  6 . 4  
127 .1  119.1 
-.39 
- e 8 1  
0.08 0.12 0.13 





- . 33  0.02 0.12 
- . 3 8  0.01 0.12 
- .41 0.00 0.12 
- . 38  0.01 0.12 
13.78 
0.76 
7.14 3.82 2.49 - 
0.46 0 . N  0.12 
76 
DATA S W R Y  
Sheet 2: Ray Trace Parameters 
SITE STN 2 RELEASE DATE 1/21/70 TIME 21:32 






















20° 4oo 80' 
0.15 0.00 0.12 
0.12 0.15 0.15 
0. L5 e . .  16 
*- 
I 
. -_ -- .. . ..,..,. - 
0.39 
r 




2.76 0.99 0.36 0.18 
I 
77 
DATA S W ! A R Y  
Sheet 3: Ray Trace Parameters 
SITE STN - 54 RELEASE DATE 1/21/70 TIME 21:47 
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530 
30 0 I 2.40 1 0.89 I 0.33 1 0.17 
.. 
r 
. .  
I -- - 
i 
78 
DATA S l M A R Y  
I 
Sheet  4: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 1/21/70 TIME 21:34 




0.08 3.09 0.97 0.29 
3.17 0.98 0.29 
I 
350 0.38 
36b I 0.29 - 3.15 0.97 - 0.08 
370 
I 
3.17 0.98 0.29 
3.09 0.97 0.29 
2.94 0.93 0.28 
2.72 0.88 0.27 






4 10 0.07 
2.49 13.76 7.13 3.81 
- - 
1.31 0.73 0.34 0.23 
I 
I '  










R A M X  
(km) 
DATA S W Y  
Sheet 1 : Radiosonde Parameters 
Release Date 1/21/70 
- 
STAT I ON 
5 2  
15.9 
107.4 
7 .7  
l l S . 2  















RT -RT3 1 
(-1 














- . ... 
80 
DATA S M t A R Y  
Sheet 2: Ray Trace Parameters 
SITE STN 52 RELEASE DATE 1/21/70 TIME 23:36 
SITE ALTITUDE (m) 85 WAVE LENClli (na) 530 
- - 
I 
20' I 40' bo' 
*. 




- .56 0.21 
150 -1.10 c 0.20 






180 -2.22 0.20 
-.27 I 0.11 190 -1.94 0.20 
f I 3.82 
0.21 
13 80 2.w 
~~ 
0.94 
. . .  
-.I 













DATA S W M Y  
0.64 0.65 0.43 0.29 
1.28 0.34 0.47 0.30 
Sheet 3: Ray Trace Parameters 
SITE STN 54 RELEASE DATE 1/21/70 TIME 23:35 
SITE ALTITUDE (m) 85 WAVE LENGTII (nm) 530 
- 
1.93 I 1-03 0.52 0.30 
2.58 
3.20 





1.22 0.56 0.31 
1.39 0.60 0.31 
1.56 0.54 0.31 
1.70 0.68 0.32 
1.82 0.71 0.32 








13.78 7.13 3.a2 2.49 






















DATA S W M Y  
-. Sheet 4: Ray Trace  Parameters 
SITE STN 56 RELEASE DATE 1/21/70 TIME 23:31 
SITE ALTITUDE (n) 85 WAVE LENGTH (nm) 530 
- - 
- _  
' *t 
, i  
ELEVATION 1 20° 40° 1 oo 80' 
340 4.95 0.23 
4.88 0.23 350 
0.22 360 4.71 
370 4.88 0.23 
380 4.95 1.66 I 0.56 0.23 




1.66 1 0.56 390 4.89 0.23 
400 4.73 0.23 
0.23 410 4.46 






Sheet 1: Radiosonde Parameters 





























STAT I ON 
53  
19: -30 
85 .6  


















.*_ . 1' 
Sheet 2: Ray Trace Parameters 
S I T E  STN 52 RELEASE DATE 2/13/70 TIME 19:30 
SITE ALTITUDE (8)  85 WAVE LENGTH (m) 530 
- 
ELEVATIOt 
1 oo 80' 
~~ 
0.25 90 -.22 
100 - .38 -. 23 
110 -1.04 -.23 
120 -.23 -1.70 
-2.35 130 -.24 
RT1 - RT ..\ 
(-1 
S I T E  STN 
# 52 - 
140 -2.96 -.24 
150 -3.52 -.25 
160 -4.00 -1.41 1 -.54 














-1.58 I - . B b  
- . 9 2  - .70 
-.28 -.52 
0.31 - .36 
DATA S W R Y  
Sheet 3: Ray Trace Parameters 
S I T E  STN 53 RELEASE DATE 2/13/70 TIME 19:30 













2 30 I -2.90 I -1.24 -.59 - .34 
240 I -2.25 I -1.06 - .54 - .34 
RT - RT3 
fcm) - .so -.33 
-.33 - -46 
- .32 -.32 
i 
-.32 - -38 












LO0 40' 80' 
0.28 -.18 -. 25 
0.25 -.18 -.25 
0.19 -.20 - . 2 6  
0.25 -.18 -.25 
0.28 -.17 -.25 
I 






0.27 -.18 - . 2 5  
0.24 -.18 - . 2 6  
0.17 - .20 - . 2 6  
DATA SUMMARY 
13.64 
Sheet 4: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 2/13/70 TIME 19:30 












0.46 0 .22  0.1s 
50 
60 
SITE STN I MI 
1.61 I 0.07 '  - . 2 2  I -.26 
I 








7 . 8  
19: 32 
13.5 
7 0 . 3  
7 . 8  
87 
DATA S W R Y  
Sheet 1: Radiosonde Parameters 
Release Date 1/20/70 
P 







8 . 0  
I - 








- . 41  
~ , . -,. 
88 
DATA SUMMARY 
Sheet 2: Ray Trace Parameters B ,- . 4 
SITE STN 52 RELEASE DATE 1/20/70 TIME 
SITE ALTITUDE (m) 85 WAVE LENGTH (nit., 530 
-
ELEVATIOf L 1 oo zoo 
130 -2.92 -1.37 
140 -3.27 - 1 . 4 6  -.69 
150 -3.58 -1.55 -t- -3.85 -1.62 .: f :< i i 160 





180 -4.24 -1.71 - . 7 5  -.42 
190 -4.08 - 1 . 6 7  
200 -3.85 -1.62 




0.89 0.37 0.14 I 0.09 
... 
rl '. , 
1 oo 20° 40° 80' 
t 
RT - RT3 
I cm) 
. 







Sheet 3: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 1/20/70 TIME 
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530 
3.02 -.52 - . 4 5  -.37 
0.12 - .49 - .44 - .36  





~ I ~~ ~ ~~ ~ 
0.12 -.51 - .45 - .36 
0 .02  - .54 - . 46  - .36 




-.37 - . 6 5  - . 4 8  1 - .37  
-.ti5 - . 73  -.so - .37 




' I  
c 
-1.83 -1.10 -.61 
-1.45 -.99 -.S8 
-1.10 -.89 - .56 
- .77 -.80 - .54  
- .so -.72 - . 5 2  
-.27 -.66 -.5c 
-.lo -.61 - .49 











7.06 3.77 2.47 
0.24 0.06 0.02 
90 
DATA SUMNARY 
Sheet 4: Ray Trace Parameters 
SITE STN 58 RELEASE DATE 1/20/70 TIME 19:38 

















1 “i i ,. , 
A2 I t!’JTH 
E LEV AT I ON 
RANGE 
(km) 
Sheet 1 : Radiosonde Parameters 
Release Date 1/15/70 
STAT1 ON STAT I ON STAT ION 
5 2  54 56 
.-: 32 I 17: 32 17: 3c) 
15.9 I 1 6 . 0  1 6 . 1  
9 2 . 5  I 9 3 . 8  8 2 . 2  







Sheet 2: Ray Tnce Paroreters 
SITE SRJ 5: RELEASE DATE 1/15/70 TIME 17:32 




110 -1.15 0.17 I 0.34 0.33 
120 -1.32 0.13 0.33 0.33 
130 -1.38 0.11 0.33 0.33 
140 -1.35 0.11 0.33 0.33 
150 -1.22 0.15 0.33 0.33 
160 -1.00 0.21 0.35 0.33 
170 - .69 0.29 0.37 0.34 
180 I -a31 I 0.39 1 0.39 I 0.33 
' I  
0.76 0.33 0.11 0.07 
190 I - .69 I 0.29 ~ 0.37 ~ 0.34 
I 13.81 I 7.16 I 3.83 I 2.50 EM 00 
I. 
3 :  
93 
DATA StmARY 
Sheet 3: Ray Trace Parameters 
SITE m RELEASE DATE u 1 5 / 7 0  TIME 17:32 
SITE ALTITUDE (R) 85 WAVE LENGTH (m) 530 
80' loo 20° 40' 
~ 
0.30 


























2 SO 13.81 7.16 3.83 
















. I - i  
. *  
94 
DATA 
Sheet 4: Ray Trace Parameters 
SITE STN - S6 RELEASE DATE 1/15/70 TIME - 17:s 
SITE ALTITUDE (a) 85 NAVE LENGTH (na) 530 - 
ELNATION 1 1 oo 20° 
0.51 I 0.31 -30 2.25 1.04 





3.72 0.60 I 0.32 
$ i 




20 2.78 1.19 
30 2.2s 1.04 
0.89 1.69 













Sheet 1: Radiosonde Parameters 
































DATA S W R Y  
Sheet 2: Ray Trace Paramtters 
SITE STN 2 RELEASE DATE 1./27/70 TIME 6:29 
SITE ALTITUDE (in) ' 140 WAVE LEtGl'H 530 
ELEVATION 1 loo 80° 20° 40' 




1.89 -.oo 30 
40 0.01 1.56 
























70 0.31 0.01 
80 -.15 -.01 
-.60 -.01 90 
2.46 3.55 
1.25 0.51 I 0.20 0.13 
97 
DATA S t R M l t Y  
Sect  3: Ray Trace Parameters 
SITE STN 55 RELEASE DATE 1/27/70 TIME 6:30 
SITE ALTITUDE (18) 140. W W  LENGTH (I@ 530 
-
ELEVATION 1 1 oo 20° 




- .26 -.06 
-.26 -.06 






















-.I9 -.09 - .03  
-.os -.os -.02 
0.08 - .02 -.02 
0.21 0.01 -.02 
0.32 0.04 -.02 
0.42 0.06 -.01 











7.02 3.76 2.46 
0.19 0.07 0.04 
DATA su)JMARY 
Sheet 4: Ray Trace Parameters 
SITE STN 58 RELEASE DATE 1/27/70 TIME 6:35 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530 




















DATA S W Y  
5 . 7  
134.0 
Sheet I: Radiosonde Parameters 
Release Date 1/20/70 
STAT I ON 

















* t  
100 
Sheet 2: Ray Trace Parameters 
SITE STN RELEASE DATE 1/20/70 TIME J:30 
SITE ALTITUDE (a) 85 WAVE LENGTfi (nm) 530 
1 oo 80' 20° 40' 




-.49 -.08 - 




0.61 0.05 70 
80 -.31 0. 05 
-1.22 0.04 90 


















' .  






20' 40' 80' 
DATA S W Y  
-4.93 
Sheet 3: Ray Trace Parameters 
RELEASE DATE 1/20/70 TIME 1:30 - - S I T E  STN 53 
SITE ALTITUDE (m) 85 WAVE LENGTH (nm) 530 
- 
-1.36 - .31  -.02 210 
-4.64 -1.27 220 -e29 I -002 
2 30 -4.21 
2 40 
~ ~~ 











- .44 -.07 
0.48 0.18 
-.I7 - .01 
- .12  - . 01  
-.06 - .01  























DATA S W Y  
Sheet 4: Ray Trace Parameters 
SITE STN 54 RELEASE DATE 1/20/70 TIME 1:30 
SITE ALTITUDE fm) 85 WAVE LENGTH fnm) 530 
- 
.. 
ELEVATION 1 I 4 0' 80' 
- 30 0.27 I 0.04 
- 20 0.30 I 0.04 
- 10 0.04 0.34 
0 0.05 0.36 
10 0.34 0.04 
20 0.30 0.04 
30 0.27 I 0.04 
_ _  


















Sheet 1: Radiosonde Parameters 








STAT I ON 
54 





1 STAT I ON 
-i 17: 36 
17.3 
74.2 




20° 40' 80° 
a.43 0.29 0.21 
0.20 0.33 0.28 0.22 
-.11 
-.37 
- . 5 8  
- .72 




0.24 0.25 0.20 
0.16 0.23 0.20 
0.10 0.21 0.21 
0.06 0.20 0.21 
0.10 0. 21 0.21 
0.17 0.23 0.20 




v . .  
104 
DATA S W R Y  
Sheet 2: Ray Trace Parameters 
SITE STN RELEASE DATE u20/70 TIME u:31 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530 - 

















I 13.54 7.02 3.75 2.45 
-r 

























DATA s u ) u R Y  
P 
r 
Sheet 3: Ray Trace Parameters 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530 
80’ 
260 -.44 -.14 
270 - .04 -.14 
0.34- 280 -.14 
290 0.69 -.14 
300 1-00 -.13 
1.26 0.19 1 -.06 -.13 
320 I 1.46 0.24 I -.os -.13 
0.28 I -.04 -.13 
2.45 13.54 
0.57 I 0.24 ~- 0.15 
a , 




















DATA S M Y  
20 
30 
Sheet 4: Ray Trace Parameters 
SITE STN - 55 RELEASE DATE 1/20/70 TIME - 17:36 














7.02 13.54 3.75 
I
20' I 40' 
- .04 1 - . I 4  
- .14 I - .16 













. i  





DATA S W M R Y  
Sheet 1: Radiosonde Parameters 






6 .2  
147.5 
















:f , ,+ \ I 
. .  




DATA S W R Y  
Sheet 2: Ray Trace Parameten 
SITE SIN 2 RELEASE DATE 1/19/70 TIME 21;35 
140 WAVE LElJGlTl (nm) - SITE ALTITUDE (a) 
ELEVATION 1 1 oo 20° 40' 80' 
170 -6.04 -1.02 -.56 -2.38 , -z . .  
i . .. 
P -6.27 -2.45 -1.04 -.56 180 





210 -5.31 -2.18 -.98 -.56 




220 -4.82 -2.05 -.94 -.55 
-4.28 -1.90 -.91 - .55  ' 230 
240 -3.69 -1.74 -.87 
- 
-.83 
- .55  
-.54 250 -3.08 -1.58 
13.54 7.02 3.75 2.45 






DATA S M Y  
7.03 
- .  
3.76 2.46 
Sheet 3: Ray Trace Parameters 
SITE STN 55 RELEASE DATE 1/19/70 TIME 31:32 






- .59 -.59 - .so  
-.67 -.61 - .so 
- e 7 7  - .63 - .so 
-.go - .66 - . 51  
-1.04 -.69 - . 5 1  
-1.20 -.73 -.51 
-1.37 I -.77 I - . s 2  
-1.53 I - . e 1  I -.52 
-1.70 -tt 
I I 




i .  
. .  








i '  .p t 
- .49 -.55 -.so 
-.46 . -.54 - .51 
I 
- .47 -.55 -.51 
-.so - . 5 5  - . s o  
- .47 - .55 - .s1  
-.46 - .54 -.so 
I 
I 
i !  
0.60 
RT1 - RT3 
far) 
- .54 -.56 - .so 
SITE STN 13.57 
1.07 
57 - 
7.03 3.76 1.46 
0.28 0.06 0.04 
110 
DATA S W R Y  
Sheet 4: Ray Trace Parameters 
RELEASE DATE 1/19/70 TIME 21:30 - SITE STN 57 
























DATA B Y  
Sheet 1: Radiosonde Parameters 
Release Date 1/19/70 
STATION STATION STATIW 
52 55 58 
17: 31 17: 32 17: 30 
15.8 16.1 16.0 
70.5 72.4 71.5 
6 .0  5.7 6.3 
146.5 152.1 160.5 I 
. . ... . .  
I 























DATA S W R Y  
. 
Sheet 2: Ray Tract Parameters 
RELEASE DATE 1/19/70 TIME 17:31 -SITE STN 52 - 
SITE ALTITUDE (m) 140 WAVE LENGTH (nrn) 530 
ELEVATIOI L 80' 1 oo 
120 -.42 
130 -.41  
140 -.42 
- .41  150 
-.43 160 
' 
-2.20 1 -1.14 I - .61  170 -.42 
i. 
180 -2.38 -.43 
190 -2.20 -.42 
200 -2.02 -.43 
I 
2.46 




Sheet 3: Ray Trace Parameters 
REWEASE DATE 1/19/70 TIME 1 7 ~ 3 2  -SITE STN 55 - 
SITE ALTITUDE (m) 140 WAVE LENGTH (nn) 530 - 
-1.40 -.94 -.s5 -.37 
-1.28 -.90 - .55 -.37 
I 1 
RT1-RT3 1 1 
60 -1.10 (-1 . 
I 50 I -1.18 I -.88 I -.54 I -.37 
I I 
-.85 -.53 -.37 
70 -1.06 -.84 -.53 -.36 
80 -1.05 -e83 -.53 -.36 
90 -1.07 -.83 - .53 -.35 
L 
1 I I I I 
I I I I 
# 55 t I I 1 1 - 1 0.72 I 0.31 I 0.10 I 0.07 
! 9 
z .  





Sheet 4: Ray Trace Parameters 
SITE STN 58 RELEASE DATE 1/19/70 TIME 17:30 
SITE ALTITUDE (m) 140 
- -- - 
WAVE LENGTH (nm) 530 - 
- .61 - .43  
-.61 - .45 
- .61 - .44 




270 1 -1.35 
~ - 
- - 
- .63 - .44 














-.64 - .43  
- .64 - .43  

































Sheet 1: Radiosonde Parameters 






6 . 6  
137.5 








, * i 
I 
F ?  








20' 1 40' BO0 I 
DATA S W Y  
90 
100 
Sheet 2: Ray Trace Parameters 
0.40 0.35 0.23 0.16 
- .09 0.22 0.19 0.16 
SITE STN 52 RELEASE DATE 2/13/70 TIME 17:30 




- .55 0.09 0.17 
- .97 -.02 0.14 
130 
~~ 























7.09 3.79 2.48 
0.14 















- .69 - -28 
-.56 -.24 





DATA S W R Y  
e 
Sheet 3: Ray Trace Parameters 
RELEASE DATE 2/13/70 TIME 17:30 - -SITE STN 53 
SITE ALTITUDE (m) 35 
- 
WAVE LENGTH (nm) 530 - 
i -g 
ELEVATIOI L 80' 
200 -3.53 -1.13 1 -.38 i - .17 
210 -3.34 -.16 
220 -3.08 -.io 
230 -2.74 
240 -2.35 










I ,  
? 
1 oo 20° 40' 80' 

















DATA S W R Y  
Sheet 4: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 2/13L70 TIME 17:30 
SITE ALTITUDE (m) 85 
-
WAVE LENGTH (nm) 530 -
~~ 
340 
350 3.09 -- 
3.22 0 
10 3.09 




40 2.23 i 
50 1.81 0.58 I - 0.19 ---7-0.07 
60 1.35 0.46 0.17 0.07 
I 
13.64 7.d8 3.79 2.47 
0.42 0.45 0.22 0.15 





i .  
119 
Sheet 1: Radiosonde Parameters 
Release Date 1/21/70 
STAT1 nN STATION 
~ 
STATION 
i~ RELEASE 56 52 53 13:35 13: 30 13: 30 










4.2 6 .3  5.2 
172.8 144.8 177.1 
I 
t 
DATA S W R Y  
Sheet 2: Ray Trace Parameters 
SITE STN 52 RELEASE DATE 1/21/70 TIME 13:30 
SITE ALTITUDE (m) 85 WAVE LENGTH (m) 530 
-
ELEVATXQN 1 1 oo zoo 40' 80° 
1.74 1.47 90 1.10 2.08 











130 1.26 1.94 1.44 , 1.10 














150 1.89 2.10 
160 2.40 2.23 
3 
13.74 7.12 3.81 2.49 
1.31 0.21 0.14 
~ 
. 
I -  
loo 20° 40' 
2.67 1.81 
, .  
c . .  
121 . 
I .  
. *  
! . DATA S-Y 
c I .  
P " .  a 
J 
Sheet 3: Ray Trace Parameters 
SITE STN RELEASE DATE 1/21/70 TIME 
SITE ALTITUDE (81 )  85 WAVE LENGTH (M) 530 
t 
i. 
80' i: . 
1.34 
230 I 2.54 I 2.60 I 1.79 
I I I 
240 2.42 1.34 2.57 1.79 





1.80 260 2.65 2.64 
270 2.97 1.82 1.34 
3.43 I 2.86 1 1.85 280 1.34 
1 I I I 13.66 1 7.07 I 3.78 
(m) 
2.47 
1 1.00 I 0.49 I 0.20 0.14 
P I. -. 
t i .  
122 
DATA SWiARY 
Sheet 4: Ray Trace Pararaeters 
SITE STN 56 RELEASE DATE 1/21/70 TIME 13:30 -
SITE ALTITUDE (at) 85 UAYE LENGTH (nm) 530 
ELEVATION y loo 20° 40' 80' r 
-20 I 8.09 4.16 1.41 2.19 
~ 
4.38 -10 1 8.91 1.42 2.24 
4.59 2.29 1.43 
4.38 D-. 10 I 8.91 2.24 1.42 
1.41 2.19 
I -  
? 
3.93 2.13 1.41 
2.08 1.40 40 6.40 
50 5.59 
3.71 
2.02 1.40 3.49 
! 
- ?  
13.75 *(/I- (m) ; 7.12 2.49 3.81 





Sheet 1: Radiosonde Parameters 
Release Date 2/13/7@ 
I 










52 54 56 











7 .8  
127.7 97.6 
i 
- 4  i rt 





-1.86 - .38 -.02 
-2.03 -.43 - .03 
-2.13 - .46 -.04 
-2.15 -.47 - .04 










124 i i. 
DATA S W R Y  
Sheet 2: Ray Trace Parameters 
SITE STN 52 RELEASE DATE 2/13/70 TIME 21:30 
SITE ALTITUDE (a) 85 WAVE LENGTH (nm) - 530 
-
80' 
0.06 100 -.5s -.02 0.07 
110 - .9s -.13 0.04 0.06 
0.05 -1.31 































Sheet 3: Ray T r a c e  P a r a m e t e r s  
RELEASE DATE 2/13/70 TIME 21:30 - - SITE STN 54 






















. 1 . 

















DATA S W Y  
Sheet 4: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 2/13/70 TIME 21:30 











































E LEV AT I ON 
-I 
1 I 
Release Date 1/27/70 
4: 30 I 4:26 
16.0 16.0 






8 .2  
-; 
b .  .. 
93.0 
DATA S W R Y  
-.01 
-.60 - .07 




-.95 - .19 















SITE STN 13.54 
-.18 
Sheet 2: Ray Trace Parameters 
SITE STN 52 RELEASE DATE 1/27/70 TIME & 
SITE ALTITUDE (la) 140 WAVE LENGTN (nm) 530 - 
7.02 3.76 2.46 





























8 ,  
. . .- -. ..I_ - 
129 
I 
DATA S W R Y  
Sheet 3: Ray Trace Parameters 
SITE STN - 55 RELEASE DATE 1/27/70 TIME - 4:30 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) - 530 
ELEVATION 1 40' 80' 
2.17 I 0.83 20 0.32 





60 0.28 0.14 
~ 
70 0.27 0.14 
80 0.25 0.13 
90 0.23 0.14 
SITE STN 
k 2.45 3.75 0.21 I 0.22 0.08 0.07 




Sheet 4: Ray Trace Parameters 
SITE STN 58 RELEASE DATE 1/27/70 TIME 4:30 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 530 
- - -. , '  
i 
ELEVATION 1 1 oo 20° 40' 80' 




0.37 0.10 0.16 
_ _  














y ,  
~~ 
310 0.20 
RT -RT3 1 
( a 1  320 1.63 0.60 0.21 
330 1.76 0.22 0.10 0.63 






. i f ,  
I 1) 










L I M U T H  
E LEVATI ON 
'.ANGE 
( k d  
Sheet 1 : Radiosonde Parameters 








9: 30 I 9:30 
 
13.6 I 16.1 
71.0 I 77.5 
4.9 6.1 









DATA S W R Y  
20° 4 0' 80' 
- e 7 0  -.44 -.30 
-.87 - .48 -.31 
Sheet 2: Ray Trace Paramete.-$ 
SITE STN 52 RELEASE DATE lj~d/70 TIME 9:30 
SITE ALTITUDE (m) 85 
- - 
WAVE LENGm (nm) 530 - 
I 
110 -2.20 






-1.04 - .52 - .31 
-1.21 -.56 -.32 
-1.37 0.60 -.32 
-1.51 - .63 -.33 
-1.64 - .67 -.33 





(m) 13.44 6.97 3.73 2.44 









I . .  
133 
DATA 
Sheet 3: Ray Trace Parameters 
SITE STN 53 RELEASE DATE 1/26/70 TIME 9 : s  - - 
SITE ALTITUDE (a) 85 WAVE LENGTH (ma) 530 
r L  
i 
80' i 0' 20° 40' 
1 
c 
-.37 210 -4.57 -1.77 -.73 
220 -4.12 -1.64 -.70 -.37 
I 
230 -3.60 I -1.49 -.67 
i40 -3.03 -1.34 - .63 
-.36 
-.36 
-.36 -2.43 -1.17 -.59 250 
260 -1.81 -.99 -.55 
270 -1.18 - .82 -.51 






13.42 3.73 2.44 
I 






- T  
1.76 0.02 
DATA S W R Y  
-.28 -.32 
Sheet 4: Ray Trace Parameters 
1.79 
1.64 
SITE STN 56 RELEASE DATE 1/26/70 TIME 9:30 
SITE ALTITUDE (m) 85 WAVE LENGTH (nn) 530 
- 
0.03 -.28 -.32 
-.01 -.29 -.32 
ELEVATION 1 
1.83 0.04 










6.99 3.74 2.45 





















Sheet 1: Radiosonde Parameters 
Release Date 1/19/70 
STATION 
52 






















? .. $ i  












DATA S W R Y  
. 
t 
* i  - 
Sheet 2: Ray Trace Parameters 
SITE STN 58 RELWSE DATE 1/19/70 TIME 17:30 




270 -1.47 -1.07 












320 -.68 I -.48 









Sheet 1 : Radiosonde Parameters 




















7.2 5.1 6.4 
119.1 142.1 127.1 
i 
-*y 





























DATA S W Y  
Sheet 2: Ray Trace Parameters 
SITE STN 56 RELEASE DATE 1/21/70 TIME 21:34 
SITE ALTI’IUDE f m l  85 WAVE LENGTH (nm) 353 
- - 
0.31 I 0.09 




k. ‘ 380 





400 2.94 I 0.95 
410 + 0.23 
t 




Sheet 1: Radiosonde Parameters 
e .  
t -  
r i. 
Release Date 1/21/70 
~~ 




















6 6 . 3  4.9 7.7 
118.4 149.4 120.4 
.e- ---_- -.&.- .-.-.--._ -. 
L 



















RELEASE DATE 1/21/70 TIME 23:31 - SITE STN 56 






340 5.35 1.79 
350 5.29 1.76 





DATA S W Y  
Sheet 1 : Radiosonde Parameters 







A2 I MUTH 































n 5 8  
- .07 
0.07 
-.16 -.16 - .14 
-.E -.15 -.14 
0.19 -.14 - .14 -.13 
L 
0.36 -.13 
0.56  -.14 
1 
-.13 -.13 
-. :4 -. 13 
0.32 
1 
-.14 -.14 -. 13 
14.62 
- . i 7  
7.58 4.06 2.65 
0.06 0.01 0.03 
c 
1 . .  
. .. .- 
I 
142 
DATA S W R Y  
Sheet 2: Ray Trace Parameters 
SITE STN 58 RELEASE DATE 1/27/70 TIME 2:30 - - 





300 0.28 I -.14 I -.14 I -.13 










Sheet 1:  Radiosonde Parameters 
Release Date 1/30/70 







E LEVATI ON 
RANGE 
(km) 
55  56 52  




73.0  76.7 
7 .5  7 . 1  6 . 5  











Sheet 2: Ray Trace Parameters 
SITE STN - 56 RELEASE DATE 1/30/70 TIME - 21:30 
SITE ALTITUDE (m) 140 WAVE LENGTH (nm) 353 
-.97 1 -1.05 - .93 
-.9a -1.05 -.92 
-1.03 -1.06 -.93 






-1.49 -1.17 - .94 
-1.72 -1.23 -.94 









-.09 I -1.29 I -1.12 I -.93 
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